Benecke and Conrad* suggested that an analysis of the lower extremity during stationary bicycling could be used to quantify motor disturbances. This type of analysis may provide an objective method for measuring movement dysfunction and for evaluating the effectiveness of therapeutic programs. Brown and DeBacher3 suggested that an exercise program consisting of bicycle ergometer pedaling combined with electromyographic (EMG) biofeedback may improve muscle-activation patterns in patients with hemiplegia. Bicycle pedaling and walking display common motor requirements for their successful execution. Both tasks are characterized by alternating flexion and extension of the hip, knee, and ankle, and both tasks require reciprocal movements between limbs. Bicycle pedaling, as is true of locomotion, is a highly stereotyped, reproducible movement with small intraindividual differences.2 An analysis of lower-extremity function during bicycling has an advantage over gait analysis in that it can be used with patients who are unable to walk.
The purpose of this study was to determine whether the task of stationary cycling can be used as a model for measuring lower-limb movement dysfunction. To accomplish this goal, we compared the lower-extremity kinematic characteristics of hemiplegic subjects with those of normal subjects during pedaling on a stationary bicycle. We investigated lower-extremity movement in the sagittal plane at two pedaling rates (32 and 50 rpm) in all subjects. The three primary research questions were:
1. What are the kinematic characteristics of the involved lower extremity in hemiplegic subjects during bicycle pedaling?
2. How d o the kinematic characteristics during pedaling in hemiplegic subjects compare with those of normal subjects?
3. Does the change in rate of pedaling change these characteristics for normal and hemiplegic subjects?
Method

Subjects
Ten normal subjects and 10 subjects with hemiplegia secondary to a CVA were selected to participate in this study. The criteria for selection of the normal subjects were (1) age range of The criteria for selection of the hemiplegic subjects included those listed for the normal subjects and (1) medical diagnosis of a CVA with an onset greater than 1 year from time of data collection and (2) an observable movement dysfunction in the lower extremity during locomotion. An 06-servable movement dysfunction was operationally defined as a deviation in either displacement, velocity, or acceleration of the lower extremity that was observed by two experienced physical therapists OCR and CAG). Medical authorization to participate in the study was obtained from the physician of each hemiplegic subject. Each subject signed an informed consent statement prior to participation in the study. Subject characteristics are presented in Table 1 .
instrumentation
High-speed cinematography (64 frames/s) was used to record the subjects' lower-extremity movement during pedaling. A motor-driven 16-mm movie camera* with a 25-mm lens was used to film the subjects. Camera speed (frame rate) was calibrated with a millisecond timer. The lens-tosubject distance was 5.49 m, with the lens positioned at a height of 80 cm, level and orthogonal to the sagittal plane of the subject.
A Schwinn Ergo Metric stationary bicycle ergometert was pedaled by all subjects. The bicycle pedals were equipped with toe clips and leather straps to secure the subject's feet (Fig. 1) . The bicycle seat height was adjusted for each subject and corresponded to 100% of the subject's trochanteric leg length (the distance from the greater trochanter of the femur to the sole of the foot with the knee fully extended and the ankle in neutral).
Subjects were filmed wearing shorts, shoes, and short socks that allowed accurate placement and viewing of joint identification markers. The joint markers were constructed of black and white adhesive tape and were placed on the skin over the following anatomical landmarks of the lower limb: greater trochanter, lateral femoral condyle, lateral malleolus, lateral border of the heel, and fifth metatarsal head. An experienced physical therapist UCR) used manual palpation to identify the anatomical landmarks.
Procedure
Kinematic data were recorded during pedaling at a work load of 350 kgm/ min at 32 and 50 rpm. The work-load and pedaling rates selected for the subjects were based on current literatures and pilot data collected in our laboratory prior to this study. The subjects were allowed a warm-up period of 30 seconds at each speed phor to testing. During testing, the subjects pedaled three times at each speed, alternating speed with each trial (a total of six trials). The initial pedaling rate was assigned randomly. Each trial lasted approximately 45 seconds.
The subjects were instructed to grip the handlebars with both hands. If upper-extremity hemiparesis prevented a volitional grip, the hand was held on the handlebar by an assistant.
Cinematographic data collection began when the subject maintained the specified pedaling rate (approximately 15 seconds after the initiation of pedaling). A speedometer mounted on the handlebars provided subjects with feedback on the pedaling rate. An assistant monitored the pedaling rate and stood beside the subjects to ensure their safety. Three pedaling revolutions during each trial were recorded on film. One limb for each subject was evaluated. The involved limb of the hemiplegic subjects was evaluated, and a limb selected at random was evaluated for the normal subjects. 
Data Analysis
A Vanguard motion analyzer$ was used to project the film data and to measure the angular displacements of the hip, knee, ankle, and pedal-crank. One cycle from each trial was analyzed. Of these three trials for each pedaling speed, the trial closest to the criterion speed was selected for statistical analysis. Angular-displacement measurements were recorded every 20 degrees and every 16 degrees of the crank position during the 50-and 32-rpm pedaling rates, respectively. These sampling rates were based on the frame rate (64 frames/s). Thus, at 50 rpm, 76.8 frames were recorded on film for each revolution and every fourth frame was measured, yielding 19.2 samples. At 32 rpm, 120 frames comprised one revolution and every sixth frame (18")as measured, which yielded 20 samples. Because of the limited frame rate and subject variability in cycle time, not every cycle was initially measured at exactly top dead center (TDC). Thus, some cycles may have been within one standard deviation of the calculated sampling rate. The resolution of our pedal-crank measurement at 50 rpm was 5 degrees (measurement error of 1.38% of full scale). Angular data were compiled and stored through an interface between the motion analyzer Physical Ther .spy/ Volume 71, Number 4 /April 1991 and a personal computer. A customcrank angles are illustrated in ized computer program calculated Figure 2 . The hip angle was defined and smoothed angular-displacement as the angle formed by the long axis velocities using a three-point movingof the thigh and a vertical line drawn average routine.
in space through the hip-joint axis. Knee angle was measured by the anAngular-clisplacement measurements gle formed between the long axes of for the hip, knee, ankle, and pedalthe thigh and the shank. The ankle - Physical Therapy /Volume 71, Number 4/April 1991 angle was the angle formed by the long axes of the shank and the foot. The pedalcrank angle was the position of the bicycle crank arm relative to TDC. Top dead center is the point at which the crank arm is positioned vertically, with the pedal superior to the crank center. This point is also referred to as 0 or 360 degrees. Bottom dead center (BDC) is a crank angle of 180 degrees.
Statistical analyses of the angulardisplacement values for the normal and the hemiplegic subjects were based on one representative pedal cycle (from TDC to TDC) for each subject at each speed. This representative cycle was chosen from the trial in which the subject pedaled at a rate nearest to the specified pedaling rate (32 and 50 rpm). All representative cycles met a criterion of +2 rpm of the specified rate.
Means and standard deviations of the total range of angular displacements and maximum and minimum joint angles were computed for the hip, knee, and ankle for all subjects at each pedaling rate (Tab. 2). A 2x2 analysis of variance (ANOVA) for repeated measures on pedaling rate was performed to assess significant main effects on group, pedaling rate, and interaction. Differences were accepted as significant at the .05 level. Angular displacement versus crank angle plots were constructed for the thigh, knee, and ankle at each pedaling speed, based on the subject's representative cycle. Angle-angle diagrams for the hip-knee and kneeankle displacements were constructed to qualitatively analyze subject intralimb coordination. Angular velocity versus angular displacement diagrams were constructed for the ankle joint to analyze individual joint control.
Validity and Reliablllty of Measurements
Angular data in this study were measured from 16-mm motion picture film on the motion analyzer. To determine the validity of our motion analyzer, we constructed a model of known angles, photographed them, and then remeasured them with the motion analyzer. The maximum difference between the known values and those measured with the motion analyzer was less than 1 degree. Because of possible errors associated with palpation of the bony landmarks and skin movement over joint axes, however, the error between anatomical and measured angles may have been greater than 1 degree.
To determine the reliability of recording the X,Y coordinates using the motion analyzer, we measured the joint angles of one subject during a randomly selected pedal cycle on two occasions. Four angles (hip, knee, ankle, and pedal-crank) on 21 frames of film (approximately one complete pedal cycle) were measured on two Merent days. The Pearson ProductMoment Correlation Coefficient (r) was .99 for the hip, knee, ankle, and pedal-crank measurements. All anguWithin-subject variability was measured in three normal and three hemiplegic subjects. Variability was assessed by comparing the standard deviations of the angular displacements of three pedaling cycles at each speed. A comparison of betweensubject variability among normal and hemiplegic subjects indicated that lower-extremity kinematic characteristics are consistent from trial to trial for both groups. Variability among normal subjects in this study was similar to the variability among subjects reported by N~r d e e n .~ Variability between groups was assessed by comparing the standard deviations of the angular-displacement variables at both speeds across groups. The average difference in standard deviation between the two groups was 2.5 degrees. If the relatively large ankle plantar-flexion differences (9.8" and 9.6")~ excluded, then the mean difference is 1.25 degrees. This difference may be considered functionally insignificant and is close to the resolution of our measurement system. Thus, except for maximum plantar flexion, there was little variability between groups for the angular-displacement variables.
Angular Displacements
The angular-displacement variables analyzed in the two-way repeatedmeasures ANOVA were maximum and minimum joint angles and total joint excursion for the hip, knee, and ankle in the sagittal plane. The ANOVA revealed no significant differences between group means at either pedaling rate. The variables that were significantly different between pedaling rates for each group were ankle dorsiflexion and ankle excursion g a b .
3). There were no significant group x pedaling rate interactions for any of the angular-displacement variables.
Physical Therapy / Volume 71, Number 4 /April 199 1 Typical arigular displacement versus in hip displacement patterns in the crank angle plots for the hip, knee, hemiplegic group that appear to be and ankle of a normal subject at 32 associated with the ankle displaceand 50 rpm are presented in Figure 3 . ment pattern (Fig. 4A) . This pattern The hip and knee displacement patshows a fluctuation of both hip and terns for the hemiplegic group were ankle displacement curves between a similar to those of the normal group crank angle of 200 and 300 degrees. at both pedaling rates. There were, Three distinct abnormal patterns of however, some individual differences ankle displacement were demonstrated in the hemiplegic group and were consistent across the pedaling rates. Three hemiplegic subjects demonstrated a pattern characterized by an alternating plantar-flexionextension response during the recovery phase of the pedal cycle (Fig. 4A) . Two subjects had a prolonged plantarflexion response during the recovery phase (Fig. 4B) , and three subjects demonstrated a pattern characterized by limited ankle excursion (Fig. 4C) . The remaining two hemiplegic subjects had lower-limb patterns similar to those of the normal group and were the hemiplegic subjects with the fewest gait deficits, as determined by qualitative observation.
Phase-Plane Analysis
Intralimb coordination characteristics of the subject's lower limb are revealed in the phase-plane analyses of simultaneous hip-knee and knee-ankle movements during the pedal cycle. The rate of pedaling did not affect the coordination patterns for either group. A representative hip-knee displacement plot for normal subjects at 32 rpm, which displays smooth flexion and extension movement of the hip and knee during one pedal cycle from TDC to BDC, is shown in Figure 5 . The smoothness of the perimeter indicated well-coordinated movement between the joints, and the area of the plot indicated the joint excursion.
Eight hemiplegic subjects demonstrated coordinated hip-knee movement patterns that were similar to those of the normal group. Two hemiplegic subjects, however, displayed slight hip-knee coordination problems (Fig. 5B) . This pattern displays smooth coordinated motion between the hip and knee during the power phase and a sudden increase in hip flexion during the recovery phase, which corresponds to the same position in the cycle at which the subjects had an alternating plantarflexion-extension pattern.
The phase-plane analysis of the kneeankle revealed intralimb coordination problems in hemiplegic subjects as compared with normal subjects (Fig. 6 ). The abnormal ankle patterns identified were consistent across pedaling rates for each subject. The alternating plantar-flexionextension pattern was characterized by smooth, coordinated knee-ankle movement during most of the power phase and several direction reversals in ankle motion during the recovery phase and at TDC (Fig. 6B) . One of the three hemiplegic subjects with limited ankle excursion displayed a kneeankle pattern, as shown in Figure 6C . The lack of joint excursion is indicated by the small area of the diagram, and poor intralimb control is illustrated by the irregularity of the perimeter. A phase-plane analysis of the ankle velocity versus ankle displacement was performed to further assess control of ankle movement. The ankle patterns for all normal subjects were similar, demonstrating an ohital shape (Fig. 7A ). The subjects with alternating plantar-flexion response during the recovery phase had distorted velocity patterns. These patterns were characterized by major perimeter deflections, self-intersecting loops, and a general deterioration of the orbital shape (Fig. 7B) . The hemiplegic subjects with limited ankle ROM had abnormal ankle velocityankle patterns characterized by moderate deflections in the perimeter and by the small area circumscribed by the plot (Fig. 7C) . The average values of angulardisplacement variables of the hip, knee, and ankle for the normal and hemiplegic groups are similar to those reported for normal subjects in ments that d 8 e r from-those demonstrated in this study. These inconsistencies may be explained by differences in methodology. The most significant difference in methodology was the normalization of seat height to leg length, which was performed in our study and in other studies,687 but not by Houtz and Fischer. It appears that when seat height is adjusted to leg length, angular-displacement variables are relatively constant among subjects and between groups. The consistency in angular displacement between pedaling speeds, among subjects, and between groups suggests that excursion of the lower limb during bicycle pedaling is partially constrained by the mechanics of the bicycle-rider system. Nordeen and Cavanagh9 suggested that, although the bicycle-rider system is constrained to some degree, an infinite number of movement patterns are possible as the hip, knee, and ankle joints collectively rotate the pedal-crank. In addition, the pelvis may move as the cyclist redistributes his or her weight during the pedal cycle.' Although the kinematic variables appeared to be partially constrained during pedaling, the movements of the lower extremity are still indeterminate. During pedaling, the normal subjects displayed smooth movement reversals in flexion and extension at all three joints. The pedaling task did not reveal gross dysfunction of hip or knee movement in the hemiplegic group. It did, however, reveal three abnormal patterns of ankle movement in the hemiplegic group.
The alternating plantar-flexionextension pattern occurred when the contralateral limb appeared to push the hemiparetic limb through the latter half of the pedal cycle. This response appeared to create a rapid dorsiflexion movement, followed by alternating ankle flexion and extension that continued through the recovery phase. Two subjects with this response also showed clonic-like movements at the ankle when their
Physical Therapy /Volume 71, Number 4 /April 1991 foot rested on the bicycle pedal. The sis of hemiplegic gait. They reported alternating plantar-flexion-extension a premature activation of the calf response may have resulted from muscle during the stance phase of weak lower-leg musculature that was gait, which appeared to be due to unable to control ankle joint movehypersensitive stretch reflexes. They ment or from a hypersensitive stretch also suggested that the hypersensitive response of the triceps surae muscle stretch reflex of the calf muscles group. This plantar-flexion response caused a compensatory response of may be similar to what Knutsson and knee hyperextension during midRichardsl0 described in an EMG analystance.10 Similarly, the inappropriate plantar flexion during pedaling may have caused the sudden increase in hip flexion (Fig. a) ).
Another abnormal ankle pattern consisted of prolonged plantar flexion in the recovery phase associated with inadequate dorsiflexion and a continuation of plantar flexion during the power phase. The continuation of plantar flexion in these hemiplegic subjects may be associated with a prolonged recruitment of the triceps surae muscle group. A similar abnormal pattern of muscle activity in hemiplegic subjects during locomotion has been reported. 10 The abnormal ankle control during pedaling was more evident in the phase-plane analyses. Ankle velocity versus ankle displacement diagrams revealed poor ankle control in some hemiplegic subjects, which might have been undetected if only displacement patterns and values had been analyzed. Poor ankle control was revealed in the velocity versus displacement diagrams by fre- quent and rapid changes in velocity trol variables to the patterns observed and inappropriate reversals of joint will require further investigation usmovement.
ing both EMG and intersegmental kinematic analyses. The abnormal kinematic patterns observed in subjects with hemiplegia Conciusions may be due to the intersegmental dynamics of the bicycle-rider system
Average kinematic values were similar and abnormal patterns of muscle activity. The contribution of these coning evaluations that measure not only isolated kinematic variables but also movement control and coordination through dynamic analyses.
I
A change in pedaling rate did not statistically alter hip or knee angulardisplacement variables, although ankle joint excursion and maximum dorsiflexion were significantly different across pedaling rates. Three distinct abnormal ankle patterns were revealed in the hemiplegic group: (1) an alternating plantar-flexionextension response, (2) a prolonged plantar-flexion response during the recovery phase, and (3) limited ankle joint excursion. Phase-plane analyses depicted poor isolated joint control and poor intralimb coordination at the ankle in most hemiplegic subjects. These patterns of movement dysfunction were independent of pedaling rate.
This preliminary study provided evidence that analysis of bicycle pedaling may be used to document motor control deficits in subjects with lowerlimb movement dysfunction. Additional studies investigating muscle activity patterns during cycling may help explain the abnormal kinematic patterns found in the hemiplegic subjects. Further research in movement dysfunction is needed and should focus on quantrfylng the characteristics of the movement dysfunction. Through quantitative analyses, we can demonstrate the efficacy of treatment intervention and contribute to our patients' rehabilitation. 
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